The effects of varying the concentrations of cross-linker N, N -methyelene-bis-acrylamide (BIS) from 2% to 4%, and 2-hydroxyethylacrylate (HEA) monomer from 2% to 4% at 5% gelatin on the dose response of BIS-HEA-gelatin (BHEAG) aqueous polymer gel dosimeters have been studied using magnetic resonance imaging (MRI) for relaxation rate (R 2 ) of water proton. The dosimeters were irradiated with 60 Co teletherapy -ray source at a constant dose rate, receiving doses up to 30 Gy. The radiation polymerization occurs and increases with increasing initial dose. R 2 is found to decrease mono-exponentially with depth inside the polymer gel and depend strongly upon the initial concentrations of co-monomers (HEA and BIS). Dose-depth map for BHEAG gel was determined for different concentrations of co-monomer (HEA and BIS). The percentage dose depth was also evaluated which leads to a good agreement with the ionization chamber measurements.
Introduction
Recent developments of complex radiotherapy treatment techniques have emphasized the need for a dosimetric system with the ability to measure absorbed dose distributions in three dimensions and with high spatial resolution (Novotny et al., 2001) . For this purpose, tissue equivalent polymer gels whose nuclear magnetic resonance (NMR) and optical properties change with radiation dose could offer unique advantages for measuring radiation dose distributions in three-dimensional (3D). The use of polymer gels in radiation dosimeters was suggested as early as the 1950s (Charlesby, 1960) . The Fricke or ferrous sulphate dosimeter in gelatin could be used by investigating changes in NMR longitudinal (T 1 ) and transverse (T 2 ) relaxation times with dose due to the radiation-induced conversion of Fe 2+ ions to Fe 3+ (Gore et al., 1984) . A major limitation in ferrous sulphate gel systems is the diffusion of Fe 3+ ions within the dosimeter, resulting in the change of dose distribution with time (Kron et al., 1997) . Since reported by Maryanski et al. (1993) , polymer gel dosimeter has been used to resolve the problem and can correctly measure absorbed dose distributions (Vergote et al., 2004; Pappas et al., 1999) . The original polymer gel is based on the high molecular weight compounds consisting of acrylamide (AAm, monomer) and N, N -methyelene-bis-acrylamide (BIS, cross-linker) dissolved in a gelatin/agarose hydro-gel (Mayanskit et al., 1994) . Upon irradiation, water molecules dissociate into OH and H radicals that break the double C&C bonds of co-monomers (AAm and BIS). The resulting co-monomer radicals, in turn, interact with other co-monomers and produce a chain reaction to form 3D polymer aggregates that are spatially retained in a gelatin matrix. The amount of polymer formed is related to absorbed dose received by the polymer gel. These polymer aggregates are usually evaluated using NMR technique and magnetic resonance imaging (MRI), where the contrast in MR images of irradiated polymer gel dosimeters increases monoexponentially with absorbed doses. The main scope of this work is to provide extended 3D spatial dose distribution coverage of the irradiated volume of BIS-HEA-gelatin (BHEAG) using MRI readout technique to ensure that the treatment-planning calculation of the 3D dose distribution coincides with the dose distribution actually delivered. The results show that the relaxation rate of BHEAG increases mono-exponentially with absorbed doses and greatly depends upon concentration of comonomer (BIS and HEA).
Materials and methods

Synthesis of BHEAG dosimeters
The poly2-hydroxyethylacrylate polymer gels were synthesized in a nitrogen glove-box according to Gustavsson et al. (2004) . The chamber was purged with nitrogen at least 5 h continuously during the mixing of the gel in order to expel oxygen that inhibits polymerization prior to gamma irradiation The initial composition of the dosimeters vary from 2% to 4% (w/w) for both 2-hydroxyethylacrylate (HEA) monomer and N, N -methylene-bis-acrylamide (BIS) cross-linker, and the gelatin concentration was at 5% (w/w). After deoxygenating the water for a minimum of 2 h, the gelatin was added and the solution was heated to a constant temperature at 45 • C for 1 h, before adding HEA and BIS. The gel was kept at 45 • C and stirred until the monomer and cross-linker were completely dissolved. To reduce the effect of light, the final gels were filled into a dark Pyrex bottles (7.7-cm diameter, 20-cm height) and sealed. All gels were stored in a refrigerator (10 • C) overnight to solidify them.
Irradiation
The irradiation was carried out by using the gamma source type Eldorado 8 60 Co teletherapy (Atomic Energy of Canada Limited) with the maximum dose 0.43 Gy/min calibrated using a Fricke dosimeter. Each bottle filled with BHEAG was placed in a water-phantom acrylic tank. The sample was irradiated with gamma rays of beam field size 3 × 3 cm 2 with different doses at 5 cm depth and 60 cm (SSD). The sample was transferred back to the refrigerator and kept for about 5 days before MRI scanning.
MR imaging
Five h before imaging all polymer gel dosimeters were transferred to a temperature Controlled MRI scanning room to equilibrate to room temperature. All imaging was performed at the ambient air temperature of 21 • C. The gel dosimeter was imaged in the head coil of a clinical 1.5 T whole-body MRI scanner (Magnetom SP Siemens, Germany) using a standard Siemens multiple spin-echo sequence with an echo time (TE) of 200 ms, repetition time (TR) of 5000 ms, slice thickness of 7 mm, matrix size of 256 × 256 mm 2 and field of view (FOV) of 250 mm.
Results and discussion
Relaxation rate (R 2 ) of BHEAG at different absorbed dose
The relationship between the changes in relaxation rate ( R 2 ) of irradiated BHEAG against the depth inside the polymer formation follows the mono-exponential equation (1). This equation has been found from modifying the relationship between relaxation rate against absorbed dose (see Appendix A): where x 0 is the depth sensitivity parameter, (x r ) is the maximum depth, (R 2 ) 1 is the relaxation rate at maximum depth, (R 2 ) 2 is the relaxation rate at depth x and A is a constant of the maximum relaxation rate. The plot of −(x r − x) against ln(1 − y/A) should produce a straight line with a slope equal to the depth sensitivity, x 0 .
Relaxation rate versus depth at different polymer gel concentrations for given dose beam source
The relaxation rate of BHEAG falls with increasing depth dose, which can be noticed from the decreasing value of relaxation rate-depth curve in Fig. 1 for different gel concentrations. The reason is that an increase of depth in BHEAG leads to decrease in dose and this in turn causes a decrease of polymer formation or R 2 -weight images. The slightly decrease in depth response in Fig. 1(a) is due to the fact that the dose variations are narrow and in the saturated region. On the other hand, the depth response is greatly decreased by increasing the depth in BHEAG (as illustrated in Fig. 1(b) ), the reason for this is the large consumption of co-monomer in this region. The relaxation rate is increased significantly by increasing concentration of co-monomer, indicating that depth response drastically depends upon concentrations of co-monomer (BIS and HEA) as a result of increased breakage of C&C of the co-monomers (HEA and BIS), leading to the formation of more free radical fragments to produce BHEAG. 
Change in relaxation rate versus dose at different concentrations of co-monomer (BIS and HEA)
The plot of relaxation rate versus dose can be obtained from the data in Fig. 1 and using the following mono-exponential equation (see Appendix A):
where D 0 is the dose sensitivity parameter, D r is the net dose value which introduced in Appendix A, (R 2 ) 1 is the relaxation rate at maximum dose corresponding to minimum depth, (R 2 ) 2 is the relaxation rate at dose D and A is a constant of the maximum relaxation rate. The value of D 0 is calculated from that of x 0 value by making normalization between maximum depth value (x r ) and net dose value (D r ). Fig. 2 shows the change of relaxation rate ( R 2 ) of HEA gel as a function of dose for concentration of (BIS, HEA)% at (2, 2)%, (3, 3)% and (4, 4)%, respectively. As the dose increases, more radiation-induced free radicals are generated due to the breakage of C&C bonds of the co-monomers (HEA and BIS), resulting in the formation of more free radical fragments to produce polymerization in BHEAG. However, in Fig. 2(a) at the initial dose and up to approximately 30% of the maximum dose, the response increases reasonably, but for greater than 30% of the maximum dose, the response tends toward saturation due to the consumption of co- monomers. In the low dose region (as shown in Fig. 2(b) ), the relaxation rate increase almost linearly, indicating that absorbed low dose (12 Gy) causes a considerable increases in polymerization process. The increased dose response is quite large with increasing concentration of co-monomer (BIS and HEA). These results agree with results as the previous work (De Deene et al., 2006) , so one could say that the dose-response curve is a mirror to that of depth response curve.
Change in an absorbed dose versus depth at different concentrations of co-monomers
The plot of absorbed dose against depth can be obtained from data in Figs. 1 and 2 . The decreasing of dose per unit depth is considerably increased by increasing the initial absorbed dose as shown in Fig. 3 . The results are in a good agreement with the previous work by Haraldsson et al. (2006) , Sichani and Sohrabpour (2004) , and Pappas et al. (1999) . So that clinical radiotherapy treatment planning must consider the correction for 3D dose distribution at tumour deep within the body. Fig. 4 shows R 2 -weighted spin-echo images of BHEAG at BIS 3%, HEA 3% and gelatin 5% irradiated from two sides perpendicular two each other by a square -ray beam source to 15 Gy and the relaxation rate of it versus depth is shown in Fig. 5 . Greater value of relaxation rate is obtained from the cross region due to larger dose from overlapped beams. Depth response decreases significantly with increasing depth out of cross region but in the cross region it decreases less significantly, this suggests that overlapped beams in cross region produce dose ranging in the saturated high dose region. Dose map can be obtained in a similar fashion to that discussed in the previous section (as in Fig. 6 ).
Crossed dose map
Depth dose measurements by polymer gel dosimeter and ionization chamber
Percentage depth dose (PDD) is defined as the quotient of the absorbed dose at any depth x to the absorbed dose at a fixed reference depth x m , along the central axis of the beam (ICRU, 1976) . i.e.
where d m is the depth of the maximum dose, and is equal to 0.7 cm for the 60 Co gamma beam. Fig. 3 was used to plot the relationship between percentage depth dose against dose for 12 Gy at 4% BIS and 4% HEA as shown in Fig. 7 . Ionization chamber measurements are obtained from ionization chamber (NE2571#1028) in water phantom calibrated by Fricke dosimeter. Finally, since the deviation between ionization chamber data and gel data were less than 5%, BHEAG polymer gel dosimeter could be used in a complex 3D radiotherapy treatment planning.
Conclusion
Radiation-induced polymerization of BHEAG has been characterized using relaxation rate data obtained from magnetic resonance imaging (MRI). The depth-relaxation rate curve increases with the concentrations of HEA and BIS, which provides better understanding of the effects of co-monomer concentrations in the polymerization process. The change in relaxation rate for the polymer formation is mono-exponential in the dose range up to 30 Gy. The dose-depth curve approximately not change with changing the concentrations of co-monomer (BIS and HEA) indicates the dose map can be acquired at any concentration of co-monomer. Percentage depth dose of polymer gel has been compared with ionization chamber measurements and the differences were of the order or less than 5%, indicates BHEA gel dosimeter could be used in a complex 3D radiotherapy treatment planning.
Appendix A. Data fit of relaxation rate versus depth
The typical relationship between the changes in relaxation rate ( R 2 ) of irradiated BHEAG against the depth inside the polymer formation for 30 Gy beam source is shown in (Gustavsson et al., 2004; Jirasek et al., 2001) .
where D 0 is the sensitivity parameter, R 2,0 is the relaxation rate at zero dose, R 2 is the relaxation rate at dose D and A is a constant representing the maximum relaxation rate. Fitting of relaxation rate ( R 2 ) versus depth can be done in the following steps.
(1) Determine net dose value (D r ) inside BHEAG. Radiation beam penetrates BHEAG through the nearest edge of the bottle to 60 Co producing polymer formation along the track, the rate of polymer formation decreases with depth inside BHEAG and completely diminished at the opposite edge of the bottle, so that there is a net dose in BHEAG starting from maximum value at the nearest edge to minimum value at the opposite edge. Therefore, Eq. (A.1) can also be expressed as
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